Abstract Phase equilibrium experiments on a compositionally modified olivine leucitite from the Tibetan plateau have been carried out from 2.2 to 2.8 GPa and 1,380-1,480°C. The experiments-produced liquids multiply saturated with spinel and garnet lherzolite phase assemblages (olivine, orthopyroxene, clinopyroxene and spinel ± garnet) under nominally anhydrous conditions. These SiO 2 -undersaturated liquids and published experimental data are utilized to develop a predictive model for garnet lherzolite melting of compositionally variable mantle under anhydrous conditions over the pressure range of 1.9-6 GPa. The model estimates the major element compositions of garnet-saturated melts for a range of mantle lherzolite compositions and predicts the conditions of the spinel to garnet lherzolite phase transition for natural peridotite compositions at above-solidus temperatures and pressures. We compare our predicted garnet lherzolite melts to those of pyroxenite and carbonated lherzolite and develop criteria for distinguishing among melts of these different source types. We also use the model in conjunction with a published predictive model for plagioclase and spinel lherzolite to characterize the differences in major element composition for melts in the plagioclase, spinel and garnet facies and develop tests to distinguish between melts of these three lherzolite facies based on major elements. The model is applied to understand the source materials and conditions of melting for high-K lavas erupted in the Tibetan plateau, basanite-nephelinite lavas erupted early in the evolution of Kilauea volcano, Hawaii, as well as younger tholeiitic to alkali lavas from Kilauea.
Introduction
Liquids in equilibrium with a garnet lherzolite phase assemblage (olivine, orthopyroxene, clinopyroxene and garnet) and/or a garnet pyroxenite assemblage are produced when the Earth's mantle melts at depths greater than *60 km. Compositional characteristics of these melts can provide fundamental information on the conditions (pressure and temperature) and processes of melting. Few existing models constrain the temperature, pressure and composition of melts of garnet lherzolites. Longhi (2002) provided an experimental data set from 2.4 to 3.4 GPa and used his new experiments and literature data (Kinzler 1997; Walter and Presnall 1994 ) to develop a model for calculating the major element compositions of melts of garnet lherzolite. Gudfinnsson and Presnall (2005) developed discriminant diagrams using CaO, MgO, Al 2 O 3 and SiO 2 co-variations to identify compositional trends specific to garnet lherzolite melts. Herzberg and Asimow (2008) provide a model that extends into pressures of garnet lherzolite stability that also utilizes some of the data used by Longhi (2002) . These pioneering studies and models have provided a framework for further identifying and studying deep mantle melts, but have been necessarily limited in scope for reasons discussed below.
There are several reasons why so few garnet lherzolitesaturated liquids are reported in the experimental literature. The first concerns direct melting experiments that use lherzolite as a starting material. Clinopyroxene and garnet are exhausted at relatively low extents of melting, and measuring the composition of the liquid at low extents of melting can be extremely challenging (e.g., Baker and Stolper 1994) . Secondly, exploring the multiphase saturation regions using high-pressure crystallization experiments on basalts with variable compositions (e.g., Kinzler 1997 ) is a method that allows for easier analysis of melt compositions. However, the small temperature interval over which liquid and olivine ? orthopyroxene ? clinopyroxene ? garnet coexist (often less than 10°C) is similar to the temperature reproducibility of the piston cylinder technique. The third reason for the paucity of experimental data is that the high-pressure crystallization liquid lines of decent in basaltic systems follow peritectic saturation boundaries leading to the garnet lherzolite equilibrium. Thus, crystallizing liquids frequently ''miss'' the garnet lherzolite equilibrium if the mineral in reaction with liquid is exhausted. A fourth and final reason is that the pressuretemperature range of garnet lherzolite stability is near the limit of that accessible with piston cylinder experimental techniques.
This paper addresses these experimental obstacles with new experiments of garnet lherzolite-saturated liquids and uses them along with published experimental data to explore the influence of pressure, temperature and variations in major element source compositions on garnet lherzolite melting. We develop a model for garnet lherzolite melting of compositionally variable (metasomatized, primitive and depleted) mantle that follows the approach of Kinzler and Grove (1992a, b) . The experimental results presented here expand the data set of garnet lherzolite melts by *30 % and include a wider range of bulk compositions. Along with exploring the influence of mantle metasomatism and melt depletion on the compositions of garnet lherzolite facies melts, we provide a technique that uses major element information to discriminate mantle lherzolite melts from melts of pyroxenite and carbonated lherzolite. We apply the model to understand melting processes recorded in alkali lavas from the Tibetan plateau and the range of lava compositions erupted from Kilauea, Hawaii.
Experimental and analytical methods

Starting material
A modified version of the olivine leucitite (BB-107) from the experiments of Holbig and Grove (2008) was used as a starting material for new experiments. BB-107, a high-K, SiO 2 -undersaturated composition was strategically chosen to locate high-pressure liquids saturated with olivine (oliv) ? orthopyroxene (opx) ? high Ca clinopyroxene (cpx) ? garnet (gar). The composition of BB-107 was first adjusted for the effects of high-pressure fractional crystallization by the numerical iterative addition of the relevant high-pressure fractionating assemblage in 1 % by weight increments. The high-pressure fractionating assemblage is 0.15 oliv ? 0.85 cpx as determined by Holbig and Grove (2008) , and the calculation iterations were carried out until the modified BB-107 composition would be in equilibrium with Fo 90 olivine. This fractionation-adjusted composition was then compared to a garnetspinel lherzolite-saturated liquid (L69) from Kinzler (1997) with much lower alkali contents and was used to determine a hybrid composition (BBGtOpx) with Mg/(Mg ? Fe) major element characteristics of L69 and the high alkali and P 2 O 5 contents of the Tibetan olivine leucitite. BBGtOpx was prepared as a starting material by adding natural minerals to create the predicted bulk composition. The bulk composition of BBGtOpx, the basalt (BB-107) and natural minerals used in creating BBGtOpx are reported along with the experimental results (see Tables 1, 2 ).
Piston cylinder experiments
The melting experiments were carried out from 2.2 to 2.8 GPa and 1,380-1,480°C in a 0.5-inch solid-medium piston cylinder device (Boyd and England 1960) . The pressure medium was BaCO 3 and pressure was calibrated using the Ca-Tschermak breakdown reaction (Hays 1967) and the garnet to spinel phase transition in the CMAS-6 bulk composition of Longhi (2005) . The temperature was monitored and controlled using a W 97 Re 3 -W 75 Re 25 thermocouple and corrected for a temperature difference of 20°C between the hotter center of the run assembly and the colder position of the thermocouple that is offset above the center. The temperature was not corrected for the effect of pressure on the thermocouple EMF. The run temperature was maintained by a Eurotherm 818 controller to ±2°C, and we judge temperature reproducibility to be ±10°C.
Nominally anhydrous experiments were performed in a graphite capsule machined from dense high-purity Specpure TM graphite rods. The starting material (*0.04 g) ? graphite capsule assembly was dried for 12 h at 125°C, placed in a Pt capsule and welded shut. This capsule assembly was surrounded by an Al 2 O 3 ceramic cylinder and centered in the hot spot of a graphite heater, using MgO spacers. The furnace assembly design was similar to that used by Hesse and Grove (2003) , but the graphite capsule was modified. A capsule with thicker walls and a smaller interior volume *1-mm-diameter hole and 1 mm in length was utilized. The thicker walls reduced cracking of the capsule, which leads to Fe loss when the melt comes into contact with the outer Pt jacket. Experimental assemblies were first pressurized to 1.0 GPa at room temperature conditions. This pressure was maintained while the sample was heated at a rate of 100°C/min to 865°C and held at this temperature for 6 min. After 3 min at 865°C, the pressure was raised to the final run pressure. The temperature was then increased by 50°C/min to the run temperature and the pressure was frequently monitored and adjusted to the desired final experimental pressure. The pressure was held constant using the piston-in technique (Johannes et al. 1971) . After *24-28 h, the experiments were quenched by turning off the output power. The oxygen fugacity of our experiments has not been measured directly. Médard et al. (2008) have measured conditions of 1-2 log units below the quartzfayalite-magnetite buffer for the piston cylinder assemblies used in our laboratory.
Electron microprobe analysis
All quenched experiments were cut in half, mounted in epoxy and polished. The samples were then carbon coated and analyzed on the MIT JEOL-JXA-733 Superprobe, using wavelength-dispersive spectrometry with a 10 nA beam current and an accelerating voltage of 15 kV. For glass analyses, the beam diameter was set to *10 lm, and Na was counted at the beginning of the analysis for 5 s. Other elements were measured for up to 40 s, depending on abundance level. Analytical precision can be inferred from replicate analyses of glass working standards (Gaetani and Grove 1998) . One standard deviation of the average of replicate glass analyses for each oxide expressed as relative percent of oxides is SiO 2 = 0.4 %, Al 2 O 3 = 0.9 %, CaO = 1.5 %, MgO = 1.5 %, FeO = 1.4 %, MnO = 8.1 %, P 2 O 5 = 5 %, Na 2 O = 1.9 %, and K 2 O = 1.1 % based on 289 individual measurements over 28 analytical sessions. The CITZAF correction package of Armstrong (1995) was used to reduce the data and to obtain quantitative analysis. The atomic number correction of Duncumb and Reed, Heinrich's tabulation of absorption coefficients, and the fluorescence correction of Reed were used to obtain a quantitative analysis as outlined in Armstrong (1995) .
Experimental results
Experiments with the hybrid starting material (BBGtOpx) were conducted at 2.2-2.8 GPa and 1,380-1,480°C (Fig. 1) . The conditions for these experiments are presented in Table 1 and compositions of the experimental products are found in Table 2 . Two of the experiments at 2.4 GPa show simultaneous saturation of the melt with Figure 2 shows a back-scattered electron image of one of the multiply saturated experiments; sample C282 (2.4 GPa, 1,410°C), in which the melt is saturated with the complete garnet lherzolite assemblage (oliv ? opx ? cpx ? gar). The phase diagram for the BBGtOpx starting material is shown in Fig. 1a . Melt is saturated with a garnet lherzolite assemblage over the interval of 1,400-1,415°C at 2.2 GPa and at *1,430°C at 2.6 GPa. Melt is saturated with a spinel lherzolite assemblage (oliv ? opx ? cpx ? spinel) at 1,410°C at 2.2 GPa. The temperature range over which the experimental melts are saturated with a garnet lherzolite assemblage shrinks as pressure increases. At 2.8 GPa, cpx ? gar are present at 1,440°C (C288, Tables 1, 2) and the liquidus is located between 1,440 and 1,460°C (C299). At 2.8 GPa, crystallization of cpx ? gar move the residual liquids away from the garnet lherzolite multiple saturation equilibrium. In this study, it was necessary to place experiments at temperature intervals of 5-10°C, an interval that is close to or below our reproducibility of 10°C, in order to cover the short temperature interval over which the five-phase equilibrium occurs and to locate the key phase boundaries. The phase appearance sequence with decreasing temperature in the 2.2 GPa experiments ( Fig. 1) changes from oliv ? opx ? sp to oliv ? opx ? cpx ? sp and finally to oliv ? cpx ? sp. This is the expected change in phase appearance as a melt passes through the fourphase equilibrium saturation with oliv ? opx ? cpx ? sp at pressures above *2 GPa (Kinzler 1997) . The mineral and melt compositions also change in a systematic manner. This is illustrated in Fig. 3 where liquid Mg# is plotted versus temperature and follows a linear trend. The 2.4 and 2.6 GPa experiments do not show the same phase appearance sequence and systematic changes with decreasing temperature. Therefore, we used the variations in the 2.2 GPa liquid compositions with temperature to estimate more precisely the temperatures of the 2.4 and 2.6 GPa experiments. This was accomplished by fitting a line by visual inspection to the 2.2 GPa experiments and then fitting a line of the same slope to three of the 2.4 GPa experiments and two of the 2.6 GPa experiments (Fig. 3 ). These two lines were chosen a priori to be equally spaced in temperature since the experiments were equally spaced in pressure and with slopes parallel to that defined by the 2.2 GPa experiments (C278, C279 and C283). The two lines were used to adjust the accepted temperatures of the remaining 2.4 and 2.6 GPa experiments. When the corrected temperatures are used for these 2.4 and 2.6 GPa experiments, the phase diagram ( Fig. 1b) illustrates the appropriate change in phase assemblage with temperature. At 2.4 and 2.6 GPa, there is a high-temperature mineral assemblage of opx ? cpx ? gar followed by a multiple saturation field of oliv ? opx ? cpx ? gar. On the low temperature side of the multiple saturation field, the mineral assemblage is oliv ? cpx ? gar. The mineral phases in all the experiments are compacted at the bottom of the capsule (Fig. 2) ; a phenomenon that we assume is caused by chemical diffusion and relative migration of phases due to a thermal gradient (Walker and Agee 1988) . The hot spot of the assembly used lies on the uppermost part of the capsule; the bottom of the capsule is *7°C colder (Médard et al. 2008 ).
Mass balance and approach to equilibrium
For each experiment, we used a mass balance technique to estimate phase proportions and to determine whether the bulk composition of the experimental sample had remained constant. A linear regression of the compositions of the phases analyzed in each experiment and the bulk composition of the starting material provided estimates of phase proportions. For experiments containing oliv and opx, linear regression commonly yields negative coefficients for one of these two phases. Therefore, we used the regression technique of Krawczynski and Olive (2011) to estimate phase proportions for those experiments. The comparison of the experiment's bulk composition to the bulk composition of the starting material suggests there was no significant loss or gain (\5 %) of any element (Table 1) . It is not possible to definitively prove that experiments achieved chemical equilibrium. This would require reversal experiments for all possible compositional changes in all phases. However, for the reasons outlined below, we conclude that the experiments approached equilibrium sufficiently to allow us to understand the crystallization behavior at multiple phase saturation. Although the phase appearances have not been reversed, it has been demonstrated that direct synthesis is sufficient to recover equilibrium phase appearance temperatures in experiments with [40 wt% melt (Grove and Bence 1977) . Furthermore, we maintained constant sample composition with generally less than 5 % relative gain of FeO in the bulk sample (Table 1) , an important prerequisite for an approach to equilibrium. We also achieved regular and consistent partitioning of major elements between crystalline phases and melt, an additional prerequisite for approaching equilibrium (Table 1) . The compositions of opx and gar that grew during the experiments (Table 2 ) are all substantially different than the compositions of the natural minerals (also reported in Table 2 , bottom) that were added to adjust the BBGtOpx composition.
The 17 experiments reported here vary from above the liquidus to experimental products containing more than 49 wt% melt (Table 1) . Glass in each experiment is homogenous judging from the small standard deviations of replicate analyses of glass ( Table 2 ). The Ca, Al and Ti contents of clinopyroxenes in our experiments are comparable to those from longer-duration multiple saturation experiments using basaltic compositions (Gaetani and Grove 1998; Kinzler 1997 Table 1 ). The mean Fe-Mg partition coefficient K DFe-Mg between olivine and melt is 0.32 (±0.01). The K DFe-Mg (cpx-liq) for clinopyroxene is 0.34 (±0.02). The K DFe-Mg (opx -liq) for orthopyroxene is 0.31 (±0.02). The K DFe-Mg (garnet -liq) and K DFe-Mg (spinel -liq) are 0.51 (±0.02) and 0.65 (±0.04), respectively, similar to values reported by Kinzler (1997) . At these high temperatures ([1,400°C) with large amounts of melt present, the consistent partitioning and minor element composition of solid phases observed in our experiments indicate that the experimental phases are close enough to equilibrium to aid in the understanding garnet lherzolite melting. The experiments carried out in this study, when combined with published experimental data allow us to determine the pressure-temperature conditions under which liquid is saturated with a garnet lherzolite assemblage (oliv ? opx ? cpx ? gar) and the conditions of the spinel to garnet lherzolite transition. The nature of the melting reaction at the high-pressure limit of spinel stability and in the garnet stability field has been characterized in several studies (Kinzler 1997; Kinzler and Grove 1999; Longhi 1995 Longhi , 2002 and is a peritectic:
During down-temperature crystallization of basalt in equilibrium with a garnet lherzolite assemblage, the liquid composition remains saturated with all the solid phases at this multiple saturation point (MSP) in composition space, until either orthopyroxene (opx) or liquid is consumed. When opx is exhausted, the melt leaves the MSP and moves along the oliv ? cpx ? spinel/gar boundary. This behavior has been replicated in several experimental studies of garnet/spinel lherzolite melting. Walter (1998) located liquids saturated with oliv ? opx ? cpx ? gar at 4 and 6 GPa (see Walter 1998; Fig. 2 ) and found a low temperature assemblage at both of these pressures (oliv ? cpx ? gar) similar to the one in our study. Longhi (2002) published experiments from 2.4 to 3.4 GPa and used the existing literature data (Kinzler 1997; Walter and Presnall 1994 ) to develop a model for melting of garnet lherzolite. Barr and Grove (2013) and this present study have generated 7 additional garnet lherzolite-saturated assemblages. This doubles the number of experiments reported since Longhi (2002) and brings the total number of experimental determination of garnet lherzolite-saturated experimental liquids to 29. As outlined above, there are two main reasons why so few garnet lherzolite-saturated liquids are reported in the literature. The first is the short temperature interval over which the assemblage oliv ? opx ? cpx ? gar ? liquid is stable in a single bulk composition, often less than 10°C, which is smaller than the temperature reproducibility of the piston cylinder technique. This leads to the situation where a reported liquid composition is actually the average of two experiments that bracket the MSP, as is the case for two of the three liquid compositions reported in Longhi (2002) and one liquid reported in this study. The second reason is that the MSP is peritectic and the three-and four-phase saturation boundaries leading to the MSP (oliv ? opx ? cpx and oliv ? opx ? gar) are peritectic (subtraction) boundaries (Longhi 2002; Barr and Grove 2013) . To achieve saturation with the garnet lherzolite assemblage Barr and Grove (2013) adjusted the composition of their starting material as illustrated schematically in Fig. 4 . Crystallization experiments will only reach the MSP with decreasing temperature if the bulk composition of the starting material contains enough of the reacting phase so that oliv and/or opx are not consumed while the liquid is on the oliv ? opx ? cpx boundary. If a phase is consumed, the liquid leaves the three-phase boundary and ''misses'' the MSP. Both of these reasons contribute to the difficulty of locating the garnet lherzolite MSP. The small temperature interval over which liquid is saturated with the garnet lherzolite assemblage is a distinctive characteristic of garnet lherzolite melts and such behavior has not been observed in natural compositions in equilibrium with plagioclase and spinel lherzolite assemblages (Kinzler and Grove 1992a, b; Kinzler 1997; Till et al. 2012) .
Another consequence of the peritectic nature of the oliv ? opx ? cpx boundary and the oliv ? opx ? cpx ? gar MSP is that the presence of opx on the solidus depends on the bulk composition of the lherzolite. Takahashi (1986) and Walter (1998) found that opx was not on the solidus of their lherzolite melting experiments in the pressure range of [3-7 GPa. This is because the composition of the MSP liquid and cpx vary with pressure and temperature, with cpx becoming less Ca-rich and thus more abundant on a Fig. 4 Schematic three-dimensional representation of the five-phase saturation point (MSP) and four-phase boundary curves and threephase surfaces in n-dimensional composition space. The oliv ? opx ? cpx boundary is a reaction boundary and slight changes in bulk composition change the path followed during crystallization. Lines depict crystallization paths. Single arrows indicate subtraction paths and double arrows indicate reaction paths. Opx reacts out in bulk composition 1 and the crystallization path misses the MSP. For bulk composition 2, opx remains and the crystallization path reaches the MSP modal basis as pressure and temperature increase. Therefore, two different types of melting and crystallization sequences are possible depending on pressure and the lherzolite bulk composition as discussed by Longhi (2002; see his Fig. 11) . If the bulk composition plots within the oliv -opx -cpx -gar four-phase region, the first melt will be saturated with oliv ? opx ? cpx ? gar, but if the lherzolite bulk composition plots outside of the oliv ? opx ? cpx ? gar four-phase region, the first melt will be saturated with oliv ? cpx ? gar. This observation implies that near solidus melts of a range of lherzolite compositions produced at certain P-T conditions ([3 GPa) could be difficult to differentiate from pyroxenite melts, because the only pyroxene in the residue is cpx.
Melting systematics of the BBGtOpx composition
In the BBGtOpx composition studied here, the downtemperature change in phase appearance at each pressure illustrates what would be expected as the multiple saturation boundary moves through composition space with increasing pressure. The composition of a melt in equilibrium with a mantle lherzolite becomes more olivine-rich with increasing pressure (Presnall et al. 1979 ) and the twoand three-phase boundaries associated with the four-phase multiple saturation move through composition space in the manner illustrated in Fig. 5 (schematically shown projected into pseudo-ternary space). At a pressure of 2.2 GPa, the BBGtOpx composition initially crystallizes oliv ? opx ? sp. With decreasing temperature (Fig. 1b) , the liquid reaches the four-phase multiple saturation boundary with oliv ? opx ? cpx ? sp. The liquid remains saturated with all four solid phases until orthopyroxene (opx) is consumed. The melt then moves down the oliv ? cpx ? sp ? gar boundary (Figs. 1b, 5 ). As pressure increases to 2.4 GPa, the multiple saturation boundary has moved to more olivine-normative compositions, resulting in a change in the liquidus phase assemblage with opx ? cpx ? gar crystallizing first. As temperature decreases (Fig. 1b) , the melt becomes saturated with oliv ? opx ? cpx ? gar and opx ? liquid react. When opx is consumed, the melt moves away from the multiple saturation boundary along the oliv ? cpx ? gar boundary (Fig. 5) .
Garnet lherzolite melting model
The garnet lherzolite-saturated liquids produced in this study were combined with other experimentally produced garnet lherzolite equilibria to develop a model for peridotite melting in the garnet stability field. A survey of the literature revealed six other studies where liquids were in equilibrium with oliv ? opx ? cpx ? gar. Experiments from Walter and Presnall (1994) , Gudfinnsson and Presnall (1996) , Kinzler (1997) , Walter (1998) , Longhi (2002) and Barr and Grove (2013) (Table 3) report both liquid and solid phase compositions and provide a data set of 29 experiments. Two additional studies that produced garnet lherzolite-saturated liquids (Takahashi 1986; Kushiro 1996) were excluded from the model because the inclusion of data from these studies introduced significant scatter and diminished the quality of the model fits. These two sets of experiments used lherzolitic starting materials similar to Walter (1998) , so there is no reason to expect them to deviate. We suspect that there are experimental and/or analytical differences between the laboratories where the two studies were performed and the laboratories where the oliv ? gar. Path followed by liquid is shown at 2.2 and 2.4 GPa as phase boundaries move with changing pressure data in our model were acquired. We do not have the means to resolve these differences. Walter and Presnall (1994) and Gudfinnsson and Presnall (1996) report experiments from the mantleanalog CMAS (CaO-MgO-Al 2 O 3 -SiO 2 ) and CMASN (CMAS ? Na 2 O) systems, and all other studies used natural compositions. In Fig. 6a ) that will be used in the following section to develop a model for predicting melt compositions in equilibrium with garnet lherzolite of variable composition. Also shown is the pressure range covered by the experimental data set (Fig 6b) . Data coverage is concentrated on an Mg# range relevant for melting of depleted and metasomatized Earth mantle compositions, and the pressures extend from the spinel/garnet stability field boundary (1.9-2.2 GPa) to a maximum pressure of 6 GPa (Fig. 6b) .
Mantle melting models for the natural plagioclase and spinel lherzolite have been developed by Kinzler and Grove (1992a, b) , Kinzler (1997) and Till et al. (2012) by taking advantage of the constraint that four-phase CMAS peridotite-analog melting (forsterite ? enstatite ? diopside ± anorthite ± spinel ± pyrope) is a univariant equilibrium. Therefore, the composition and temperature of a Compositional characteristics of liquids in equilibrium with garnet lherzolite (oliv ? opx ? cpx ? gar) phase assemblage. These data were used as inputs into the regressions for mineral components, temperature and pressure. a Mg# versus NaK#. b Pressure versus Mg#. The symbols refer to the studies of Walter and Presnall (1994) (W&P), Kinzler (1997) , (K 97), Walter (1998) and Gudfinnsson and Presnall (1996) , (WGP), Longhi (2002) , (L 02), Barr and Grove (2013) , (B&G 13) and this paper Contrib Mineral Petrol (2013) 166:887-910 897 pure CMAS lherzolite melt is uniquely determined if pressure is specified. These three models chose to extend the constraints provided by this low-variance equilibrium to higher variance natural composition systems, taking advantage of the constraints provided by the Gibbs method. The number of compositional degrees of freedom in the natural lherzolite system is given by the Gibbs phase rule (F = c ? 2 -U), where F is the number of degrees of freedom, c is the number of components and U is the number of phases. In the lherzolite melting system U = 5, giving the F = 1 (univariant) constraint for CMAS (c = 4). Walter and Presnall (1994) developed such a model for simplified plagioclase, spinel and garnet lherzolite in the CMASN system, where the melting becomes divariant (F = 2), requiring that a compositional variable be specified in order to predict melt composition. Following this approach, Till et al. (2012) extended the univariant constraint imposed by the CMAS system into the natural system. In the garnet lherzolite model presented here, the number of components is 9 (CaO, MgO, FeO, Al 2 O 3 , SiO 2 , Na 2 O, K 2 O, TiO 2 and P 2 O 5 ) and there are 5 (or 6) phases involved (olivine, orthopyroxene, clinopyroxene, garnet, liquid and ±spinel); therefore, the thermodynamic variance of the system is 6 (or 5). Therefore, pressure and 5 (or 4) compositional variables need to be specified to predict the compositions of natural garnet lherzolite melts. Kinzler and Grove (1992a, b) , Kinzler (1997) and Till et al. (2012) have identified Mg#, NaK#, K 2 O and TiO 2 as components that systematically affect the compositions of lherzolite melts. After extensive testing of the effects of different compositional variables on garnet lherzolite melting, we found a set of 3 compositional parameters (1-Mg#, NaK# and P 2 O 5 ) and pressure (P in kilobars) that reproduced most of the experimental diversity in melt compositions for our Gibbs phase rule inspired empirical model.
We chose to represent our experimental melt compositions with the oxygen-based mineral components Olivine (Oliv), Clinopyroxene (Cpx), Plagioclase (Plag) and Quartz (Qtz) following Kinzler and Grove (1992a) . These components are the dependent variables in our model equations along with T (°C) and P (kbar) ( Table 4 ). These components vary systematically from the CMAS univariant constraints and capture the important influence of Fe-Mg and Ca-Na-K exchange on the melting equilibrium. The input major element experimental data was recalculated using the Tormey et al. (1987) mineral component model. The experimental liquids, expressed in terms of the independent variables, P, 1-Mg#, NaK# and P 2 O 5 , were used to calculate the dependence of each mineral component on the independent variable using least-squares linear regression analysis. The model coefficients along with the errors on each dependent variable and the goodness of fit for each expression (r 2 ) are compiled in Table 4 . Figure 7 shows the difference between the input variables (temperature, pressure and mineral components) and the values predicted by the model. A garnet lherzolite liquid barometer was also calculated using the Oliv mineral component as the independent variable following Till et al. (2012) who found that this mineral component reproduced the experimental pressures of the input data set with the smallest average error. The model coefficients for the barometer are compiled in Table 4 .
Spinel: garnet phase boundary
The pioneering work of O'Hara et al. (1971) and MacGregor (1965) established the pressure-temperature conditions of the transition from spinel to garnet lherzolite facies at subsolidus conditions, and many subsequent papers have explored the pressure dependence of the transition and the influence of variable Fe/Mg and Cr 2 O 3 (see O'Neill 1981 for a review of early work). At temperatures well below the anhydrous solidus (*1,000°C), the spinel/garnet boundary occurs at nearly constant pressure, but near the solidus, the boundary changes slope dramatically (Klemme and O'Neill 2000; Walter and Presnall 1994; Walter 1998) . Our data set on garnet lherzolite-saturated melts allows a characterization of the pressure-temperature-compositional dependence of this phase transition above the solidus region. The effect of variable Na 2 O on the spinel/garnet boundary is well characterized in the CMASN system, where the melting reaction is univariant (Walter and Presnall 1994) . Our new experimental data, that of Barr and Grove (2013) and Walter and Presnall (1994) , expands Numbers in italics are errors on coefficients. r 2 = correlation coefficient, and number below is average absolute error. P in kbar the compositional range to both high iron and higher Na 2 O ? K 2 O compositions. The compilation of relevant experimental data includes ten experiments that contain both spinel and garnet (Table 3) . We have used these to generate a model of the pressure and temperature dependence of the phase transition. We calculated the pressure and temperature dependence of the boundary for two variables (Mg# and NaK#) that previous workers have shown to exercise important controls on temperature and pressure. The expressions are:
The fit and the experimental data are shown in Fig. 8 along with the pressure temperature dependence of the spinelgarnet phase boundary for constant NaK# (0.2) and variable Mg# (from 0.5 to 1.0). The input data fall close to the plane calculated for the phase boundary (±0.1 GPa brackets on the fit are also plotted), and the width of the phase transition in this high-variance natural system is *0.2 GPa. The experiment that plots well away from the predicted line (by 0.3 GPa) is the CMAS spinel/garnet invariant point from Walter and Presnall (1994) . We have no explanation for this discrepancy, because the high-pressure-temperature-Mg# end of the line is defined by the Walter and Presnall (1994) experiments in CMAS ? Na 2 O. A variable that cannot be explored with our garnet lherzolite liquid data is the influence of Cr 2 O 3 on the width of the transition. O'Neill (1981) showed that the addition of Cr 2 O 3 created a fairly broad pressure interval over which spinel and garnet could coexist, and this is likely to be the situation when Cr-rich spinel is present in the lherzolite. Because of its refractory nature, it is likely that a Cr-rich spinel would not participate in the silicate melting reaction. At this time, there is not sufficient data above the solidus to explore this possibility, and further experimental study would be necessary in order to evaluate the effects of variable Cr 2 O 3 .
Conditions and compositional characteristics of peridotite melts in the garnet, spinel and plagioclase facies
The garnet lherzolite melting model can be combined with melting models in the spinel and plagioclase lherzolite facies to predict the temperature and pressure of a melt of a given composition in the stability field of each lherzolite facies. These models also predict melt composition for peridotites of variable composition if pressure and compositional characteristics of the lherzolite source are specified. Till et al. (2012) present an updated model for melting of compositionally variable plagioclase and spinel lherzolite along with a prediction of the spinel/plagioclase phase transition. In the following discussion, we will use their models along with the garnet lherzolite model presented here to explore the compositional characteristics of melts from metasomatized peridotite compositions.
Correcting for fractional crystallization: an essential first step An essential first step in estimating the conditions of melting for suspected mantle derived magma is to correct for the effects of fractional crystallization that operate to evolve the magma away from its original composition. This issue has been discussed in previous papers (Kinzler and Grove 1992a, b; Kinzler 1997; Till et al. 2012) and that discussion will not be repeated here, except to emphasize that the assumptions made in correcting evolved basaltic melts for the effects of fractional crystallization can have significant effects on the temperature, pressure and composition inferred for the predicted primary melt composition. In particular, the assumption that an evolved liquid has been modified by olivine-only fractional crystallization (2013), Walter and Presnall (1994) (abbreviated W&P 94) and Kinzler (1997) . Also shown is the fit to the supersolidus spinel to garnet lherzolite phase transition discussed in the text. The line was calculated by holding NaK# constant at 0.2 and varying the Mg# from 1.0 to 0.5. The single point that plots away from the calculated boundary is a CMAS experiment with NaK# = 0.0, Mg# = 1.0 from Walter and Presnall (1994) . The remaining experimental liquids have NaK# that varies from 0.10 to 0.30. Mg# is the primary source of pressure-temperature variations in this input data set, varying from 0.5 to 1.0. The 3 data used in the fit from Kinzler (1997) at 1.9 GPa are not shown on the plot when it actually experienced a multiphase fractional crystallization process (see Till et al. 2012, their Fig. 6 ) can lead to large errors in predicting the temperature, pressure and composition of a primary melt. Worked examples in the following section will discuss the reasoning that has been applied to two natural examples.
Application to tertiary magmatism in the Tibetan plateau
High potassium basaltic lavas have been erupted on the Tibetan Plateau during its entire history of uplift that extends through the Tertiary (63-3 million years before present, Ding et al. 2003; Guo et al. 2006; Nomade et al. 2004; Williams et al. 2004 ). Holbig and Grove (2008) carried out experiments on one of these lavas (Bb-107, Williams et al. 2004 ) and placed constraints on the possible fractional crystallization processes that these magmas could have experienced as they passed through the thick crust beneath the Plateau on their way to the surface. Holbig and Grove (2008) found evidence for high-pressure fractional crystallization in Bb-107 involving olivine ? clinopyroxene. The experiments reported here on the BbGtOpx were initiated so that a quantitative model for peridotite melting could be developed in order to understand the temperature, pressure and melting history of these lavas. The major trace element and isotopic compositions of the high-K Tibetan lavas have been reported (Ding et al. 2003; Guo et al. 2006; Nomade et al. 2004; Williams et al. 2004) . Their mantle sources have been proposed to be phlogopite-bearing metasomatized lherzolites, and trace element models conclude that the sources of these lavas are at depths near the spinel to garnet facies transition. Therefore, the Tibetan lavas provide an excellent test of the garnet lherzolite melting model. The basaltic lavas analyzed by Ding et al. (2003) , Guo et al. (2006) , Nomade et al. (2004) and Williams et al. (2004) were corrected by reverse fractional crystallization (33 compositions in total, see electronic supplementary material, ESM Table 1 ). Several lavas are very close to being primary magmas in equilibrium with a lherzolite source and required only small amounts of olivine addition to bring them into equilibrium with a mantle source (assumed to contain olivine with a composition of Fo 90.5 ). Other lavas are more evolved and plot at silica-undersaturated compositions along a trend that implies olivine ? clinopyroxene and/or olivine ? clinopyroxene ? plagioclase fractional crystallization. Reverse fractional crystallization models using these phases were also applied to some of the compositions (ESM Table 1 ). We used the techniques of Yang et al. (1996) to perform the reverse fractionation and assumed pressures in the range inferred by Holbig and Grove (2008) for Bb-107 (1.4-2.2 GPa).
The compositional characteristics of the Tibetan nearprimary liquids show a range of alkali contents that result in a range of NaK# values from 0.226 to 0.290, P 2 O 5 values ranging from 0.13 to 1.32 wt% and an Mg# value of 0.732. Primary melts of mantle lherzolite with these characteristics were predicted using the plagioclase and spinel models (Till et al. 2012) and the garnet lherzolite model (Table 4 ) and they are plotted in Fig. 9 . The three segments of each trend show the change in composition of MSPs for the plagioclase, spinel and garnet lherzolite facies with increasing pressure. The plagioclase lherzolite MSPs are calculated over the pressure range of 0.001-12 kilobars, spinel lherzolite MSPs are calculated from 12 to 24 kilobars and garnet lherzolite MSPs are calculated from 24 to 40 kilobars. Discrete MSP values are indicated by their pressure at 4 kilobar intervals in Fig. 9 . The fractionationcorrected Tibetan lavas are plotted in Fig. 9 using two symbols; circles and squares. Of the 33 corrected high-K basaltic lavas in the data set, 15 plot in the vicinity of the spinel and garnet lherzolite MSPs (black circles). These 15 lavas fall on or near the same MSP pressure on all 3 subprojections. The remaining lavas (gray squares) plot at compositions that are more SiO 2 -undersaturated (negative Qtz values on the Oliv -Plag -Qtz and Oliv -Cpx -Qtz subprojections) than the spinel and garnet MSPs on the Oliv -Plag -Cpx subprojection. These remaining 18 compositions lie along Oliv ? Cpx ? Gar/Spinel saturation boundaries that extend down temperature from the MSPs and thus they represent liquid compositions that are not saturated with spinel or garnet lherzolite. These lavas may represent primary magmas that originally were saturated with garnet lherzolite but upon separation from the source region, ascended into cooler overlying mantle and experienced fractional crystallization along the Oliv ? Cpx ? Gar/Spinel boundary relevant for their depth of crystallization. However, since these melts have already been corrected for fractional crystallization to Fo 90 , it is more likely they represent melts of a non-lherzolitic mantle lithology such as Oliv -Cpx -Gar/Spinel veins in heterogeneous peridotite. Melting of this veined source could simultaneously produce melts of these varying compositions during the same melting process that gave rise to the lherzolite-saturated near-primary melts. Alternatively, these liquids could be melts segregated from mantle veins that were produced by down-temperature fractional crystallization of liquids separated from a mantle source. These liquids were delivered to shallower, cooler depths in the mantle where they crystallized and left Oliv -Cpx -Gar/Spinel residues.
There are no obvious geographical or temporal signals in the distribution of the primary magmas to suggest the scale of the mantle heterogeneity. The lavas come from the N. Qiantang and Songpan-Ganzi terrains and range in age from 63 to 6.4 million years. Also, there are no systematics in the incompatible trace element, rare earth element and isotopic compositions of the spinel-and garnet lherzolitesaturated magmas (circles in Fig. 9 ) that distinguish them from the high-pressure Oliv -Cpx -Gar/Spinel-evolved melts/fractionates (squares in Fig. 9 ). All authors who have studied these Tibetan lavas conclude that there was significant heterogeneity in their mantle source regions for the incompatible trace and rare earth elements. There are systematic differences in the compatible elements. Both Ni and Cr concentrations are significantly higher in the garnet and spinel lherzolite-saturated primary magmas and lower in the Oliv -Cpx -Gar/Spinel-evolved melts/fractionates. The low Ni in the Oliv -Cpx -Gar/Spinel melts could result from reaction between melts of pyroxenite veins with overlying peridotite mantle with Ni preferentially remaining in the mantle residue (Sobolev et al. 2005 ). The evidence from major element MSP analysis confirms the conclusions of trace element modeling that place the depth of origin near the garnet-spinel facies boundary (Fig. 9) and furthermore suggests the presence of both lherzolitic and garnet pyroxenitic source regions for the Tibetan lavas.
Distinguishing lherzolite melts from pyroxenite melts
The question of whether the source region for a basaltic melt is lherzolite or pyroxenite remains a topic of active discussion and debate. Because lherzolite is the dominant rock type in the mantle, partial melting of this rock type has been assumed to be the origin for most basaltic melts. However, other source materials are present in the mantle, and these could also melt to produce basalts. Pyroxenite is a minor but omnipresent component among mantle samples, and it is possible that melting sometimes involves this component of the mantle [see Pertermann et al. (2004) for a (Tormey et al. 1987, oxygen units) showing compositions of fractionation-corrected lavas from the Tibetan Plateau. Also shown are the predicted plagioclase, spinel and garnet lherzolite MSPs as a function of increasing pressure for 1 atmosphere (0.001 kbar) to 40 kbar. Predictions are shown for Mg# = 0.73 NaK#s of 0.226 and 0.290, the range of alkali contents spanned by the corrected data set. The plagioclase and spinel lherzolite MSPs are calculated using Till et al. (2012) , and garnet lherzolite liquids are calculated using the model in Table 4 . Also shown schematically is the trend followed during oliv ? cpx ? gar/ spinel down-temperature crystallization when liquids leave the spinel or garnet MSPs. Also shown are fractionation-corrected compositions of Tibetan lavas using black circles and gray squares. Corrected compositions are found in electronic supplementary material. Lavas indicated with black circles plot near spinel and garnet lherzolite MSPs. Lavas indicated by squares lie on Oliv ? Cpx ? Gar/Spinel saturation boundaries are pyroxenitic review]. Phase equilibrium studies have been performed on a variety of pyroxenitic mafic compositions at high pressures to determine the compositional characteristics of the melts of pyroxene-bearing lithologies (Takahahshi et al. 1998; Kogiso et al. 1998 Kogiso et al. , 2003 Kogiso et al. , 2004 Hirschmann et al. 2003) . The results of these studies can be compared with the predicted melt compositions of lherzolite sources to see whether major element characteristics discriminate pyroxenite melting from lherzolite melting.
The compositions of pyroxenitic melts from the experimental studies of Takahahshi et al. (1998) , Kogiso et al. (1998 Kogiso et al. ( , 2004 , Hirschmann et al. (2003) and Pertermann et al. (2004) are plotted in pseudoternary composition space in Fig. 10 . The MSPs for high Mg# melt compositions (Mg# = 0.69, NaK# = 0.37) from Kogiso et al. (2003) were predicted using the plagioclase and spinel lherzolite models (Till et al. 2012) and the garnet lherzolite model, and they are also plotted in Fig. 10 . These predicted MSP liquids used the high Mg# end of melt compositions that are present in the input data set, but the alkali contents and Mg# variation of the data set do not vary significantly, and the changes in the position of the MSP over this range of composition will be small. Kogiso et al. (2004) discuss the existence of a thermal divide in their compositional analysis of garnet pyroxenite melting that separates SiO 2 -undersaturated pyroxenite melts that are olivine-normative from SiO 2 -enriched melts that are sometimes quartz-normative. It is also true that there is much more than just a thermal divide within the region that lies between the SiO 2 -poor and SiO 2 -rich melts. The region that separates these compositions contains the part of composition space where melts of plagioclase, spinel and garnet lherzolite melts occur.
In the three subprojections of Fig. 10 , the SiO 2 -undersaturated olivine-normative pyroxenite melts are indistinguishable from the Oliv -Cpx -Gar/Spinel-evolved melts/fractionates like those from the Tibetan plateau. These melts/fractionates lie on Oliv ? Cpx ? Garnet/ Spinel ? liquid boundaries that extend down temperature from the spinel and garnet MSPs, and the boundaries lie on the SiO 2 -undersaturated side of the thermal divide. The experimental liquids that plot on the other side of Kogiso et al. (2004) thermal divide plot at high values of Qtz and Fig. 10 Pseudoternary subprojections showing compositions of experimentally produced pyroxenite-saturated melts from the literature. Projection schemes are the same as that used in Fig. 9 . The pyroxenite liquids plotted here vary widely in compositional characteristics, but separate into two groups: quartz-normative and nepheline-normative (SiO 2 ) undersaturated. The silica-undersaturated liquids lie on oliv ? cpx ? garnet saturation boundaries. Also shown are the predicted plagioclase, spinel and garnet lherzolite MSPs as a function of increasing pressure for 1 atmosphere (0.001 kbar) to 40 kbar. Plagioclase lherzolite MSPs are calculated over the pressure range of 0.001-12 kilobars, spinel lherzolite MSPs are calculated from 12 to 24 kilobars and garnet lherzolite MSPs are calculated from 24 to 40 kilobars. These MSPs were calculated for a liquid with compositional characteristics similar to the Kogiso et al. (2003) liquids using Till et al. (2012) and the model in Table 4 . Note, several of the points of Kogiso et al. (1998) are very SiO 2 -undersaturated and plot at negative quartz values that are outside of the range of composition space shown Contrib Mineral Petrol (2013) 166:887-910 903 Plag in all three subprojections. These SiO 2 -enriched liquids lie closest to the region of composition space where basaltic melts that have experienced low-pressure fractional crystallization would plot. This is to be expected since many of these compositions were produced from melting-evolved basaltic compositions (e.g., a MORB protolith). Neither the SiO 2 -enriched or SiO 2 -undersaturated pyroxenite melts plot near the MSPs for the spinel or garnet facies in any of the subprojections. The predicted compositions of the spinel and/or garnet MSPs may provide a useful means for distinguishing between melts of lherzolite versus pyroxenite source regions. In Fig. 10 , two data points from Kogiso et al. (1998) partly coincide with the MSP trend. Those two liquids from Kogiso et al. (1998) are melts of peridotite ? basalt mixtures that are probably not far-removed from the composition of a multiply saturated melt. All other compositions plot well away from the MSPs: a distinguishing characteristic of pyroxenite melts. The predicted compositions of the spinel and/or garnet MSPs thus are a potential means for distinguishing between melts of lherzolite versus pyroxenite source regions.
Effects of CO 2 on garnet lherzolite melts: an example from early Kilauea
Another process to consider in the origin of garnet lherzolite melts is the effect of CO 2 on the melt composition. It has been well established that the presence of CO 2 lowers the SiO 2 content of peridotite melts (Kushiro 1975; Brey and Green 1975; Wyllie and Huang 1976; Eggler 1978) . These early studies established the broad compositional changes caused by the presence of CO 2 and showed that melts of carbonated source regions have compositional characteristics similar to nephelinites, basanites and melilitites. Recent experimental studies have focused on the highly alkalic and CO 2 -rich partial melts (Thibault et al. 1992; Hirose 1997; Hirschmann 2006, 2007; . The melt compositions produced in the experiments on carbonated lherzolite at pressures within the garnet stability field show a continuous variation from nearly SiO 2 -and Al 2 O 3 -free carbonatite to SiO 2 -undersaturated nephelinites. Compositions of these CO 2 -bearing nephelinitic melts that are in equilibrium with a garnet lherzolite assemblage (Thibault et al. 1992; ) are plotted in Fig. 11 along with the composition of garnet and spinel lherzolite MSPs with similar melt characteristics (NaK#, Mg#). The Oliv -Cpx -Qtz and Oliv -PlagQtz subprojections are not shown for these carbonated lherzolite melts because they are strongly silica undersaturated and plot at negative Qtz values of -0.5 and greater. Nephelinitic lavas often have high concentrations of phenocrystic olivine making it difficult to know whether the bulk rock composition is that of a melt or melt ? accumulated olivine. Sisson et al. (2009) characterizes nephelinite and basanite glass grains preserved in sandstone blocks from early Kilauea that are unquestionably quenched liquid compositions. These highly silica-undersaturated nephelinites and basanites contain SiO 2 contents as low as 38 wt% and total alkali (Na 2 O ? K 2 O) contents of 10.5 wt%. Sisson et al. (2009) apply a reverse-fractionation correction by adding olivine back into the glass composition until the liquid is in equilibrium with Fo 91.5 olivine. They summarize evidence for the involvement of CO 2 in melt generation processes at Hawaii and propose that these melts are produced at or near the base of the lithosphere beneath Hawaii (*3 GPa) as near solidus melts of carbonated phlogopite-bearing garnet lherzolite. The compositions of these fractionation-corrected glasses are also plotted in Fig. 11 . Melts of carbonated garnet lherzolite can be readily distinguished from CO 2 -free garnet lherzolite and Oliv -Cpx -Gar/Spinel-evolved melts/ fractionates by their enrichment in Cpx component and their extreme silica undersaturation. More experimental data would be necessary at variable CO 2 melt concentrations in order to quantify the influence of varying CO 2 on the garnet lherzolite MSPs. Fig. 11 Oliv -Plag -Cpx pseudoternary subprojection showing compositions of experimentally produced liquids saturated with carbonated, K-rich garnet lherzolite melts from Thibault et al. (1992) and . Also shown are the fractionationcorrected nephelinite-basanite liquids from submarine eruptions on Kilauea's south flank (Sisson et al. 2009 ). Sisson et al. (2009) propose that these liquids were derived from a carbonated phlogopite-bearing garnet peridotite. These CO 2 -rich garnet lherzolite melts are compositionally distinct from CO 2 -free, anhydrous melts of high-K garnet lherzolite. MSP for CO 2 -free melts saturated with plagioclase, spinel and garnet lherzolite are shown for liquids with the compositional characteristics of the Sisson et al. (2009) glasses calculated over the pressure range of 0.001-40 kilobars (see Fig. 10 caption) . Projections involving the Quartz component are not shown, because the carbonated garnet peridotite melts are extremely silica undersaturated and plot far away from the CO 2 -free garnet lherzolite MSPs Alkali basalts and tholeiites from Hawaiian volcanoes: peridotite versus pyroxenite sources
The nephelinites and basanites associated with the early stages of Hawaiian volcanism are rare and unusual magmas. More abundant are ordinary alkali and transitional basalts that precede and postdate shield growth (Moore et al. 1982; Clague 1987; Sisson et al. 2002) , and shieldstage tholeiites that constitute most of the volume of Hawaiian volcanoes. A long-standing issue in Hawaiian magmatism has been the origin of the voluminous shieldstage tholeiites. That they fractionate from picritic parents was resolved by the discovery of picritic tholeiite glass grains near Kilauea's submarine Puna Ridge (Clague et al. 1995) . Trace element systematics point to residual garnet at some stage in their generation (Hofmann et al. 1984) , as would be expected for the *80 km thickness of *90 Ma Pacific Plate lithosphere in the Hawaii region, but even their inferred picritic parents are higher in SiO 2 than would be expected for melts of garnet lherzolite sources. To account for their high SiO 2 , as wells as high Ni concentrations in Hawaiian olivine phenocrysts, Sobolev et al. (2005) propose that more than half of Hawaiian magmas came from an olivine-free pyroxenitic sources.
To assess whether major element evidence supports this hypothesis, we have accumulated 1,675 submarine glass analyses from the literature for Kilauea (Coombs et al. 2004; Clague et al. 1995; Naka et al. 2002) , Mauna Loa (Garcia et al. 1989 (Garcia et al. , 1995 Moore et al. 1985; Moore and Clague 1987) and Loihi (Clague et al. 2000; Garcia et al. 1995; Moore et al. 1982) . We filtered these glasses first to include only those with MgO [6.5 wt%, retaining 780 analyses, and then, further screened these to exclude liquids that experienced multiphase fractional crystallization by retaining only analyses with Mg# [55. For the remaining 143 glass compositions, a reverse-fractionation correction was applied by adding olivine back into the glass composition until the liquid is in equilibrium with Fo 90 olivine (ESM Table 2 ). These near-primary melts have an Mg# value of 0.728 and NaK# near 0.18. Primary melts of mantle peridotite were predicted for these compositional parameters using the plagioclase, spinel and garnet lherzolite models and are plotted in Fig. 12 with MSP pressure noted. The fractionation-corrected glasses plot as two densely clustered arrays. The more populous of the two clusters (124 compositions) plots at normative Plag and Cpx values that are lower than the MSP arrays in the Oliv -Cpx -Qtz and Oliv -Plag -Qtz subprojections. These primary magma compositions plot coincident with olivine ? orthopyroxene saturation boundaries in the pressure range of 1.4-1.0 GPa (Wagner and Grove 1998; Eggins 1992) . The second cluster of 16 primary compositions plots at SiO 2 -undersaturation and coincides with garnet lherzolite MSPs at *3.2-3.6 GPa. Only three points plot in the portion of composition space occupied by olivine pyroxenite melts (one plots at very highly negative Qtz values and is not visible on the subprojections containing Qtz).
The predominate clustering of primary magmas on the oliv ? opx boundary consists wholly of tholeiites. Their natural and fractionation-corrected compositions plot well below the SiO 2 -total alkalis discrimination line of Macdonald and Katsura (1964) (not illustrated). Our proposed origin for these is that they were initially garnet-saturated melts from upwelling asthenosphere (depths of 80-90 km) that have ascended into mantle lithosphere beneath Hawaii and reacted with it by assimilating pyroxene and crystallizing olivine, resulting in melts in equilibrium with harzburgite residues at relatively shallow depths (Eggins 1992; Wagner and Grove 1998; Stolper et al. 2004 ). The subordinate group of fractionation-corrected basalts that cluster along the 3.2-3.6 GPa garnet lherzolite MSPs represent decompression melts of the asthenosphere generated in the plume that segregated near the base of the lithosphere (80-90 km depth) and ascended without appreciable subsequent wallrock reaction. These glasses are wholly from early Kilauea and Loihi, and their natural glass compositions plot (not illustrated) along the Macdonald and Katsura (1964) tholeiitic-alkalic discrimination line or short distances into the alkali basalt field. Thus, these magmas would be classified as transitional and weakly alkalic basalts. Common but more strongly alkaline Hawaiian basaltic glasses, including hawaiites, failed to pass the MgO and Mg# screens, consistent with their deriving mainly from multiphase fractionation at mantle lithosphere depths (Frey et al. 1990 ).
The primary transitional and weakly alkaline melts can be interpreted as the parents of the more abundant tholeiites that have escaped melt-wallrock reaction with shallower Hawaiian lithosphere. The overall scenario appears to be that at early growth stages of Hawaiian volcanoes, melts of garnet lherzolite and of carbonated garnet lherzolite arrive at the surface having undergone fractionation of olivine (shallow) or of olivine and pyroxene (deep), but with little melt-wallrock reaction. As magmatic flux increases and conduits warm, melt-wallrock reaction becomes common and deep fractionation of pyroxene-rich assemblages diminishes. Magmas with major element compositional characteristics of pyroxenite melts are truly the rare exception in Hawaii, and only 3 emerge from this analysis of major element characteristics. From this major element evidence, it appears that we must identify processes that can reconcile both the major and trace element signatures of Hawaiian lavas.
Predicting melts of compositionally diverse mantle sources
Using a similar approach to Kinzler and Grove (1992a, b, 1993) and Till et al. (2012) , we can model melting processes of compositionally diverse mantle sources by either batch or fractional melting. To model garnet lherzolite melting, we use the mineral component expressions for garnet facies melting (Table 4 ) and assume the garnet melting reaction derived by Kinzler and Grove (1999) (see Eq. 1 in their paper). To implement the model, the Mg# and composition of minor elements (Na 2 O, K 2 O, TiO 2 and P 2 O 5 ) in each melt increment must be estimated. The nonmodal batch melting equation, given below, is used to estimate these concentrations. Each source composition and an initial solidus mineral mode are input, and the compositions of opx and cpx from the model experimental data are used to recalculate this mode to the pressure and temperature conditions of melting.
where C i is the minor component abundance, C 0 is the abundance of the component in the bulk solid, D B is the solid/melt partition coefficient for each phase multiplied by its weight fraction in the bulk solid, F is the melt fraction and P B is the bulk solid/melt partition coefficient for the component weighted by the stoichiometric coefficients of the melting reaction. The calculations use weight units. . These glasses were all reverse fractionation-corrected by adding equilibrium olivine until the liquid was in equilibrium with Fo 90 (data in ESM Table 2 ). Also shown are the predicted plagioclase, spinel and garnet lherzolite MSPs as a function of increasing pressure for 1 atmosphere (0.001 kbar) to 40 kbar. Plagioclase lherzolite MSPs are calculated over the pressure range of 0.001-12 kilobars, spinel lherzolite MSPs are calculated from 12 to 24 kilobars and garnet lherzolite MSPs are calculated from 24 to 40 kilobars. Calculation assumed an Mg# = 0.728 and NaK# = 0.18 (range of NaK# in data spans 0.16-0.2). Also shown in the Qtz-bearing projections is the oliv ? opx saturation boundary experimentally determined at 1.4 GPa by Wagner and Grove (1998) for a primary Hawaiian tholeiite composition (Clague et al. 1995) . In the Oliv-Cpx-Qtz subprojection, the position of the 1 GPa oliv ? opx boundary is inferred from the predicted MSP data. The majority of the Hawaiian shield lavas (124 points) were derived from a harzburgite residue at 1.4-1 GPa. A smaller proportion of the magmas plotted originate just below the base of the Hawaiian lithosphere at 3.2-3.6 GPa as melts of garnet lherzolite. Only three lavas plot at higher negative values of Qtz (one is at very high negative Qtz values) in the region of composition space consistent with melting of an olivine pyroxenite source Partition coefficients have been calculated from the mineral and melt compositions that are incorporated in the major element melting model; pressure-dependent partition coefficients are modeled for Na 2 O and TiO 2 in orthopyroxene and clinopyroxene and following Kinzler (1997) ( Table 4) . Other partition coefficients are constant and are from Kinzler (1997) . Following the method of Kinzler and Grove (1993) , the Mg# of a melt coexisting with a lherzolite composition is determined by solving equations for the conservation of mass for FeO and MgO between the minerals in the lherzolite and a given fraction of melt. The method requires knowledge of the partitioning of Fe and Mg between melt and all the coexisting phases, and the exchange K D 's for Fe and Mg are calculated from the experimental data set. The value for K D Fe-Mg for olivine is known to vary with pressure and melt composition (Ulmer 1989; Toplis 2005) . We set the K D Fe-Mg values for clinopyroxene, orthopyroxene and garnet to 1.06, 0.97 and 1.5 times the K D Fe-Mg value for olivine melt as discussed by Kinzler and Grove (1992b) and Kinzler (1997) , allowing the compositional variations in K D Fe-Mg to be applied to all phases. In order to compare the garnet lherzolite model presented in this study to the model of Longhi (2002), we performed melting calculation at 10 and 1 % wt. melting of the Hart and Zindler (1986) primitive mantle composition and the depleted Hart and Zindler mantle composition (Kinzler and Grove 1992b ) at a pressure of 3 GPa (Table 5 ). In general, the compositions compare well with one another. Our model calculations have FeO systematically higher than Longhi (2002) by 3-7 % relative (or \2 wt%). The FeO in the predictions by Longhi (2002) appear to be closer to the abundances expected in the spinel stability field. The higher values predicted by our model are more consistent with our input data (Walter 1998) for the lherzolite melting. There are also large differences in the calculated Na 2 O abundances between the two models (30-50 %). The Longhi (2002) melts have significantly higher Na 2 O than the melts predicted by the model presented here. The causes of this difference are not clear. One important aspect of our model is that it calculates a partition coefficient for Na 2 O in cpx and opx that is positively correlated with pressure, leading to less Na 2 O in highpressure garnet lherzolite melts. Longhi (2002) also states that he calculates pressure-dependent partition coefficients, so this may not be an explanation for the difference.
Another test of our melting model is to see how well it recovers a melting experiment of a natural peridotite. Two of the input experiments used in our model expressions that predict the composition of garnet lherzolite MSPs are melts of lherzolite bulk composition (Walter 1998, expts. 40.07 and 60.05) . Table 5 compares experimental melt composition 40.07 with the liquid composition predicted by our melting model. This liquid composition was predicted by using the Walter (1998) Kettle River lherzolite composition as input along with the pressure of the experiment and the Walter (1998) experimental olivine/melt K D Fe-Mg of 0.36. The predicted liquid composition compares favorably for all elements with the exception of the predicted abundance of Na 2 O and TiO 2 . This may be a consequence of the model partition coefficients that are fit to a larger data set that includes studies with lower partition coefficients than those reported by Walter (1998) . The temperature of experiment 40.07 is also recovered by the model to within 12°C (Table 5 ).
In its current implementation, melting styles can be specified as either batch or polybaric near-fractional adiabatic decompression melting. Melt production rates for polybaric melting can be varied depending on preference (Hart and Zindler 1986) and depleted (Kinzler and Grove 1992b ) mantle compositions b 40.07 shows the composition and temperature of a Lherzolite melt from Walter (1998) at 4 GPa and 13 wt% melting c Forward model of melting using the Walter (1998) lherzolite composition and 13 % melting at 4 GPa. Temperature is that predicted by the model for the heat of fusion. Asimow et al. (1997) calculate isentropic melt production rates for lherzolite and find them to vary with melt fraction, a feature that can be implemented in this model. Effects of phase transitions from garnet to spinel facies and spinel to plagioclase facies can also influence melting rate (Asimow et al. 1995) , and these can be incorporated in the model. It is difficult to directly compare our model to the PRIMELT.XLS model of Herzberg and Asimow (2008) , because they implement a model that does not explicitly vary mantle lherzolite bulk composition. However, we would anticipate that our model of garnet lherzolite melting would, at the very least, be an improvement for predicting melts of metasomatized mantle lherzolite (compositions for which the PRIMELT.XLS is not calibrated).
Conclusions
We develop a model for predicting the compositions of melts in equilibrium with garnet lherzolite under anhydrous conditions. When combined with the plagioclase and spinel lherzolite melting models of Till et al. (2012) , primary magmas from lherzolite melting can now be quantitatively predicted from 0.1 MPa to 6 GPa. We demonstrate how the predicted lherzolite melt compositions can be distinguished from melts of pyroxenite source materials and melts of carbonated lherzolite based on major element compositional characteristics.
